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Abstract—A major issue in Wireless Sensor Networks (WSNs) is 
the minimum availability of energy and hence reducing the amount 
of energy consumed is of greater interest. In WSN, large amount of 
energy is consumed during transmission and failure of nodes in 
sensor network is common. Here, a novel technique is proposed to 
reduce the node’s energy consumption during data transmission 
using queue threshold based on N-Policy Priority Queueing Model 
(PQM) by taking failure of nodes into consideration. A sensor 
network model is developed analytically to evaluate the 
performance of the proposed scheme by means of energy 
consumption and delay by taking node failures into consideration. 
From the results, it is inferred the average energy consumption 
savings is about 43% for the optimal threshold value by taking 
node failures into consideration.  Simulations are carried out and 
the results obtained show that the analytical and simulation results 
matches thus validating the accuracy of the analytical model. 

Keywords—energy, node failure, N-Policy PQM, queue threshold 

I. INTRODUCTION

WSN plays a prominent role in many applications like 
military and non- military domains [1]. Numerous researches 
have been carried out in many domains like collaborative data 
gathering, MAC and routing. Since energy minimization is a key 
design in most of the research related to WSNs, wide range of 
algorithms and protocols have been developed. Among many 
techniques, clustering is also an important technique by which 
the network lifetime is increased. Many authors have proposed 
wide range of works related to the formation of cluster and 
election of Cluster Head (CH) in a cluster. By considering the 
CHs, the authors in [2] have proposed energy efficient routing to 
improve the network lifetime.  

Sensor networks are classified into homogeneous sensor 
networks and Heterogeneous Sensor Networks (HSNs). In 
homogeneous networks, all the nodes will be of same type with 
reference to hardware and energy [3]. The main problem of 
using same type of sensor is that the role rotation as CH and the 
required hardware capabilities and also making the node to act 
as CHs [4-5]. The other classification, HSNs comprises of two 
different types of sensor nodes. In most of the research papers, it 
is inferred that HSNs can improve the network lifetime 
significantly and also provides better network performance in 
terms of energy [6].  

Figure 1 Cluster formations in HSN 

In HSN, few high-end sensors (H-sensors) and a more 
number of low-end sensors (L-sensors) are been distributed 
uniformly in the field. Clusters are been formed after the 
deployment process and the H-sensor in each cluster serves as 
CH as shown in Figure 1. An important energy reduction 
technique based on queue threshold is an existing model that is 
widely used technique for delay insensitive WSN applications to 
increase the network lifetime of HSN [7-14]. Nodes in WSNs 
are highly prone to be failure due to various reasons like failure 
due to environmental factors, depletion of energy, failure of 
hardware, communication link failures, malicious attack, and so 
on. An HSN model as given in Figure 1 is considered and since 
node failures are common in a WSN, node failures are 
considered to study the impact of mean delay with respect to the 
failures of nodes [7-15]. Here, single L-sensor node’s 
performance is analyzed based on M/D/1 PQM by considering 
failure of nodes.  

In this paper, a HSN is considered where clustering is 
performed as shown in figure 1. In each cluster, H-sensor act as 
CH and L-sensors act as Cluster Member (CM). Here, an
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analytical model of a cluster oriented HSN is developed using 
queue threshold based on M/D/1 PQM by considering failure of 
nodes. The performance of the proposed technique by means of 
energy consumption and delay is analysed by taking node 
failures into consideration. The organization of the paper is 
structured as follows. Section II describes the system model.
Section III provides the performance analysis and numerical 
equations and solutions for determining the delay, energy and 
the optimum queue threshold value (N*) based on M/D/1 PQM 
by considering node failure. Section IV provides the simulation 
model and section V describes the results and discussion. 
Conclusion is presented in section VI.

II. SYSTEM MODEL 
 In HSN, a single cluster represented in figure 2 is 

considered. In this cluster, depending upon the criticality of the 
packet, packet is classified into High Priority (HP) or Low 
Priority (LP) packet. No threshold condition (N=1) is considered 
for HP packets, since the HP packets need to be serviced 
immediately but the NPM is considered for LP packets since it 
can manage some delay. The sensor node will transit from IDLE 
state to BUSY state immediately if it receives a HP packet and it 
will wait for N packets to move from IDLE state to BUSY and 
actual data transfer takes place during the BUSY state. If any 
fault occurs during BUSY state, then the transmission is stopped 
and the fault at the node is detected [12 & 16]. Once after the 
faulty node recovers, the packet transmission is continued in the 
BUSY state. The following assumptions are made for analysis:  

All L-sensor and H-sensor nodes in a HSN are identical 
The arrival rate follows Poisson process with mean 
arrival rate per node (λ) 
λ

1
 and λ2are the arrival rate of LP and HP packets where λ

= λ
1

+ λ
2

Delivery of Packets is with mean service time (1/μ) 
Failure rate is assumed to follow Poisson process with 
mean 1/α and mean repair time 1/β 
Whenever the sensor node switches from sleep to active 
state, the buffer is assumed to be empty 

III. PERFORMANCE ANALYSIS 
The behavior of a single L-sensor in a cluster is 

analyzed in this section by taking considering failure of nodes 
using M/D/1 PQM and the performance of the system is 
analyzed in terms of the following parameters. 

A. Mean delay 

Mean delay in an L-sensor node is defined as the mean 
waiting time of the packets in the queue. Considering an M/D/1 
PQM, the average number of LP and HP in the queue (L1 and 
L2) is given by  
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The mean waiting time of the LP & HP packets in the queue 
(Wq1 & Wq2) is given by, 
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B. Average energy consumption of an L-sensor node 

The average energy consumption of LP and HP in L-

sensor node E1(N) & E2(N) can be expressed as

111 Ncy)( TH CLCNE

                 
(5) 
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The average energy consumption is given by  

E(N) = E1(N) + E2(N)                 (7) Figure 2 A cluster in HSN
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C. Optimal threshold value (N
*

) of N 

The value of N for which the sensor node consumes 
lowest amount of energy is the optimal threshold value (N*) is 
and it is given by  

11
)1(8

5.0* 11

H

brT

C

C

N

              
(8) 

IV. SIMULATION MODEL 
In this section, the simulation model is presented. 

Simulations are performed by considering Mica2 for a cluster 
based HSN as mentioned in tables 1 and 2. 

TABLE 1 CLUSTER SPECIFICATIONS 

Mean arrival rate per node (packets/sec) 2 to 20
Probability of HP packets (p) 0.1 to 0.5

Mean service time per packet (msec) 15

Number of L-sensor per cluster 10

Number of H-sensor in HSN 10

Number of clusters in a HSN 10

Threshold value 1 to 20

Failure rate (α) 0.01

Mean repair time (β) (seconds) 0.01

Battery (V) 3

Data rate (Kbaud) 38.4

Preamble length (bytes) 271

Packet length (bytes) 36

Radio off (μA) 20

TABLE 2 TIME AND CURRENT SPECIFICATION 

Operation Time (sec) I (mA)

Initialize radio 350E-6 6

Turn on radio 1.5E-3 1

Switch to Tx mode 250E-6 15

Tx 1 byte 416E-6 20

The CT and CH values are determined as 6.9 mJ and 0.8 
mJ respectively [17] and it is assumed failure rate α = 0.01 and 
mean repair time and β = 0.01 sec [18].  Various results are 
obtained by changing the threshold value and mean arrival rate 
per node with p=0.2 in order to determine the mean delay, 
average number of cycles/second and average energy 
consumption of an L-sensor node in a cluster by considering 
without and with failure in PQM. It is inferred from the 
simulation results show that the average number of cycles is less 
and the average energy consumption is high in with node failure 
when compared to without node failure but the mean delay is 
high in with node failure when compared to without node 
failure. Also, minimal amount of energy is consumed by the 

node for optimal threshold value N*. It is observed that the (%) 
saving in energy consumption is reduced in with node failure in 
PQM when compared to NPM for the optimal threshold value 
(N*). 

V. RESULTS AND DISCUSSION 

Simulation and analytical results are shown in this 
section. The results are obtained by changing the threshold value 
and mean arrival rate per node to determine the mean delay, 
average number of cycles and energy consumption of an L-
sensor node with and without node failure in PQM. The mean 
arrival rate per node is taken as 5 packets/sec and the mean delay, 
the average number of cycles/second and average energy 
consumption for with and without node failure in PQM is 
determined. 

TABLE 3 ARRIVAL RATE VS MEAN DELAY 

Arrival rate (ƛ)
Mean delay (msec)

Without node failure With node failure

5 0.114 797

10 0.229 1629

From the table 3, simulation results show that the mean 
delay is very high in when node failure is considered when 
compared to without failure case in PQM for mean arrival rate 
per node as 5 and 10 packets/sec, p=0.2, α=0.01 and β = 0.01 sec. 
The reason is that the packets have to wait for more period of 
time until the node recovers from failure.

From figure 3, it is observed that the average number of 
cycles reduces as the value of N increases. Here, the switching 
from IDLE state to BUSY state and vice versa in an L-sensor 
node is less when the queue threshold (N) is high because the 
time consumed for the buffer to be filled with threshold number 
of packets for high value of N is more when compared to that 
for a low value of N. Hence the average number of cycles is 
reduced when N increases. Also from Figure 3, the average 
number of cycles is less in node failure case when compared to 
without node failure case because more packets will be 

Figure 3 Queue threshold (N) vs Average number of cycles
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accommodated during each cycle when the node is in IDLE 
state. 

  

The average energy consumption is determined for 
various values of N by assuming the mean arrival rate per node 
as 5 by considering node failure rate α=0.01 and mean repair 
time β = 0.01 sec and it is shown in figure 4. From Figure 4, it is 
inferred that, the energy consumption per node decreases and 
increases and minimum energy is utilized for the optimal 
threshold as N increases. The average energy consumption per 
node decreases when N increases because, as N increases, the 
number of cycles per second decreases resulting in less energy 
consumption. The average energy consumption per node 
increases as N increases because, as N increases, the number of 
cycles per second decreases but increases the average number of 
packets in the buffer resulting in more energy consumption.  

It is also inferred from the figure 4 that the average energy 
consumption is more in node failure case when compared to 
without node failure case because of the more number of packets 
accumulated in the queue which increases the transmission 
energy cost. From Figure 4, by taking node failure into account, 
the average energy consumption per node in L sensor is 
minimum at optimal threshold N* = 8. By considering λ = 5, 
α=0.01 and mean repair time β = 0.01 sec, CT and CH values as 
mentioned in section 4, the optimal threshold value (N*) using 
equation (8) is determined as N* =8. 

Figure 5 and 6 shows the energy consumption savings 
(%) for various values of N by considering without and with 
node failure. By assuming N = 4, N* = 8, and N = 12,  and mean 
arrival rate per node = 5 packets/sec, the energy consumption 
savings (%) is determined and it is found to be 40%, 43%, and 
42% respectively when compared to no threshold condition (i.e., 
N = 1). It is also inferred from Figure 5 and 6 that the (%) saving 
in energy consumption is less in node failure case when 
compared to without node failure case. 

V. CONCLUSION 
This paper proposes energy minimization scheme which 

reduces the average energy consumption of individual nodes in 
the cluster based HSN based on M/D/1 PQM in order to 
improve the network lifetime of the HSN by considering node 
failure. The expression for the optimal value of queue threshold 
for which the node consumes minimum energy using PQM 
under node failure case is also derived. Results obtained show 
that the mean delay increases due to node failure and the 
average energy consumption increases due to accumulation of 
more packets during node failure and recovery period. Also, the 
maximum (%) consumption savings is obtained at optimal 
threshold and the trade-off that exist between the mean delay 
and average energy consumption is explored. Simulations are 
performed and the results obtained show that the simulation 
results and the analytical results matches thus validating the 
accuracy of the approach. 
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Abstract Two ternary photonic crystals are proposed for sensing applications. The first 
one is composed of an air layer as an analyte sandwiched between two double negative 
material (DNM) layers whereas the second one consists of an air layer sandwiched between 
two epsilon negative material (ENM) layers. The transmission spectrum is studied for two 
different values of the refractive index of the analyte layer with ∆n = 0.01. A specific peak 
in the transmission spectrum is observed and the wavelength at which the peak occurs is 
determined. The wavelength shift due to any change in the index of the analyte layer is also 
determined. The effect of varying the parameters of the DNM and ENM on the sensitivity 
of the sensor is discussed. It is found that the sensitivity of the structure ENM/air/ENM is 
much greater than that of the structure DNM/air/DNM and it is estimated as 26 times of 
the sensitivity of the latter structure.

Keywords Photonic crystal · Epsilon negative materials · Double negative materials · 
Sensor

1 Introduction

Photonic crystals have received an increasing interest due to the exceptional properties 
they exhibit when electromagnetic waves are propagating through them (Sandhu et  al. 
2006; Kriegel and Scotognella 2015; Zare and Gharaati 2014). The unique property of the 
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photonic crystal is the appearance of a band gap in a specific frequency range in which the 
propagation of waves is not allowed (Wu et al. 2010; Awasthi et al. 2006). The width of the 
band gap is determined by the lattice constant and the wavelength of the propagating elec-
tromagnetic wave and its origin can be attributed to Bragg scattering in periodic multilayer 
structures. Bragg band gaps rely on the wave angle of incidence and the light polarization. 
Photonic band gap structures have been proposed for a set of applications such as opti-
cal sensors (Banerjee 2009a; Taya et al. 2017a), omnidirectional reflectors (Awasthi et al. 
2006), filters (Awasthi and Ojha 2008) and temperature sensors (Banerjee 2009b). They 
can also be used in the study of optical properties of nanocomposites (Ramanujam and 
Joseph Wilson 2016).

Optical sensors are self-contained integrated devices from which we can obtain diag-
nostic facts about the existence of biological objects or the presence of any pollution in an 
analyte (Taya 2014, 2015a, b, c; Taya and Alamassi 2015; Tiefenthaler and Lukosz 1989; 
Taya et al. 2016, 2017b). They can be used in environmental monitoring, the pharmaceuti-
cal industry, and food technology (Taya and El-Agez 2011a, b; Taya et al. 2012a; Horvath 
et al. 2003; El-Agez and Taya 2011; Kullab and Taya 2014; Taya and Kullab 2014). They 
can be utilized to detect biological molecules in the size range from nanometers to microm-
eters. In Tiefenthaler and Lukosz (1989) proposed for the first time, a slab waveguide as an 
optical sensor. They employed it as a gas senor. They detected a small change in index of 
refraction of the gas is measuring the change in the effective index of refraction. The great 
concern in slab waveguide sensors can be observed in the tremendous number of papers 
and review articles published in many journals (Singh and Kumar 2009; Kullab et al. 2012, 
2015; Kuswandi 2003; Taya and El-Agez 2012a, b; Udd 1995; Kullab and Taya 2013). 
Cylindrical fibers were also proposed as biosensors such as enzyme optical fiber based 
biosensors (Kuswandi 2003). Recently, surface plasmon resonance based waveguides have 
become very popular for measuring bimolecular interactions (Homola et al. 1999). Metal 
clad waveguide was also proposed as an optical sensor to detect biological objects in the 
size of micrometer (Kullab and Taya 2014; Taya and Kullab 2014). Significant efforts have 
been done to develop optical waveguide sensors for biological and bio-chemical purposes. 
Making use of thin high contrast refractive index media, it was demonstrated that sim-
ple silicon-on-insulation photonic wire based technique offer improved sensitivity to sur-
face adsorption when compared to evanescent wave sensors (Densmore et al. 2006). The 
improved sensitivity can be attributed to the high and localized electric field in the analyte 
layer. The penetration depth of such waveguides can reach more than 200 nm.

In Veselago (1968) was the first who proposed a material with simultaneously negative 
ε and μ. They were referred to as double-negative materials (DNM) or left-handed materi-
als (LHM). Traditional materials have both ε and μ positive and are called double posi-
tive materials (DPM). In contrast, metamaterials are classified into double negative materi-
als (DNM) when both ε and μ are negative, epsilon negative materials (ENM) when only 
ε is negative and mu negative materials (MNM) when only μ is negative. DNMs exhibit 
a peculiar property of antiparallel nature of wave and Poynting vectors. These materials 
do not exist in nature but are man-made. Recently, DNM as a new man-made composite 
metamaterial has received an enormous interest by researchers in physics and engineer-
ing due to its wide range of applications (Shelby et  al. 2001; Taya et  al. 2012b, 2013a; 
Taya and Qadoura 2013; Pendry et  al. 1996). DNMs can find interesting applications in 
optoelectronics, electromagnetic theory, optical sensing, material science and solid-state 
physics. They have many upnormal properties different from positive-index materials such 
as negative refractive index. Several theoretical and experimental studies (Pendry et  al. 
1999; Taya et al. 2013a; Abadla and Taya 2014; Taya and Elwasife 2014) were conducted 
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to understand the behavior of electromagnetic waves in such media and find proper appli-
cations such as DNM antennas, stealth effect, and cavity resonator.

In this work, two ternary photonic crystals are proposed as sensors for refractometric 
applications. The first one has the structure DNM/air/DNM whereas the second one has the 
structure ENM/air/ENM. The transmission spectra from these two structures are studied for 
two different values of air refractive index. The wavelength at which the first peak occurs is 
observed and its shift due to the variation of the analyte index of refraction is recorded. The 
effect of different parameters of the DNM and ENM on this shift is also studied.

2  Theory

Theory of transmission from photonic crystals either binary or ternary can be treated using 
transfer matrix method. When an s-polarized wave is an incident on a single layer, it is par-
tially reflected and transmitted. The transfer matrix that relates the incoming and outgoing 
fields to each other is called the characteristic matrix and is given by

where �i =
�

c
nidicos�i , � is the angular frequency ( � =

2�c

�
 ), c is the speed of light in vac-

uum, λ is the wavelength of the incident wave,  di is the thickness of the layer i,  ni is the 
index of refraction of layer i, �i is the angle of incidence in layer i, pi =

√

�i∕�i
cos �i, �i and 

�i are the permittivity and permeability of layer i.
The angle of incidence inside layer i ( �i ) can be related to the angle of incidence ( �o ) 

through the relation

The index of refraction of any layer can be calculated in terms of the permittivity and 
permeability as ni =

√

�i�i for a material with positive parameters and ni =
√

�i�i for a 
material with negative parameters.

For a one period consisting of three layers, the characteristic matrix is given by

where

(1)Mi =

(

cos�i −
i

Pi
sin�i

−ipisin�i cos �i

)

(2)cos �i =

[

1 −
n2
i
sin2�o

n2
o

]
1∕2

(3)Si =

3
∏

i=1

(

cos �i −
i

Pi
sin �i

−ipisin �i cos �i

)

=

[

S11 S12
S21 S22

]

,

(4)

S11 =

(

cos �1cos �2cos �3 −
p2sin �1sin �2cos �3

p1
−

p3cos �1sin �2sin �3

p2
−

p3sin �1cos �2sin �3

p1

)

(5)

S12 = −i

(

sin �1cos �2cos �3

p1
+

cos �1sin �2cos �3

p2
+

cos �1cos �2sin �3

p3
−

p2sin �1sin �2sin �3

p1p2

)
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The total transfer matrix of a ternary photonic crystal having N periods and each period 
comprising three layers can be written as

The transmission coefficient for the proposed photonic crystal can be written as

where  Lij are the elements of the matrix L.
According to Lorentz model, the permittivity and permeability of a double-negative 

material (El-Agez and Taya 2011) is given by

where �r and �r are the relative permittivity and permeability, �pe and �pm denote the elec-
tric and magnetic plasma frequency, �e and �m denote the electric and magnetic resonance 
frequency and �e and �m are the electric and magnetic damping coefficients. For a negative 
epsilon material, they are given by

and �r = �a.

3  Results and discussion

Two different ternary photonic crystals were assumed with the structures DNM/air/DNM 
and ENM/air/ENM. Figures 2, 3, 4, 5 and 8 correspond to the structure DNM/air/DMN 
whereas Figs. 6 and 7 correspond to the structure ENM/air/ENM. A photonic crystal with 
N = 16 periods was considered with each period having three layers. The layer thicknesses 

(6)

S21 = −i
(

p1sin �1cos �2cos �3 + p2cos �1sin �2cos �3 + p3cos �1cos �2sin �3

−
p1p3sin �1sin �2sin �3

p2

)

,

(7)

S22 =

(

cos �1cos �2cos �3 −
p1sin �1sin �2cos �3

p2
−

p2cos �1sin �2sin �3

p3
−

p1sin �1cos �2sin �3

p3

)

.

(8)L =

N
∏

i=1

Si

(9)t =
4

(

L11 + L22

)2
+
(

L12 + L21

)2

(10)�r = �a +
�2
pe

�2
e
− �2 + j��e

(11)�r = �a +
�2
pm

�2
m
− �2 + j��m

(12)�r = �a +
�2
pe

�2
e
− �2 + j��e
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were taken as  d1 = 12 mm,  d2 = 6 mm and  d3 = 12 mm. The electric and magnetic damping 
coefficients were neglected, i.e., �e = �m = 0 so that we don’t have loss or absorption. Other 
parameters were taken as ωpe =  ωpm = 2π × 10 GHz and �pe

�e

=
�pm

�m

= 10.

We first show the dispersion of permittivity and permeability of the DMN to find out 
the region in which the two functions are negative. Figure 1 shows �r and �r of the DNM 
as functions of frequency of the incident wave. It is clear that in the frequency range 
1 GHz ≤ ω ≤ 12 GHz, both �r and �r are negative. We will restrict ourselves to this region 
to make sure that we work in the negative region.

In each of the following figures, we plot the transmission versus frequency of the inci-
dent wave for two values of the index  (n2 = 1.00 and  n2 = 1.01) of the analyte (air) layer 
with Δn2 = 0.01. We consider the first peak in the transmission spectrum for the two values 
of the index of refraction of the air layer and observe the shift in the frequency due to the 
change in the air index. The wavelength shift Δ� can be calculated from the frequency 
shift. The sensitivity of the proposed sensor can be viewed through the value of Δ� . The 
higher Δ� is, the higher the sensitivity of the sensor.

In Fig.  2, the transmittance profile is shown for ɛa = 1.21 and µa = 1.2. The solid line 
stands for  n2 = 1.00 whereas the dashed line stands for  n2 = 1.01. The figure inset shows an 
enlarged view of the first peak for both values of  n2. There is an obvious shift of the fre-
quency at which the first peak occurs. For a refractive index change of Δn = 0.01, the shift 
in the wavelength is about Δ� = 5.064 µm which is a good shift that can be detected with 
recent optoelectronic devices. In Fig.  3, the transmittance versus frequency is displayed 
for different values of µa with µa = 1.20, 1.25, 1.30 and 1.35. As can be seen from the fig-
ure, the wavelength shifts corresponding to Δn = 0.01 are 5.064, 5.124, 5.185 and 5.247 for 
µa = 1.20, 1.25, 1.30 and 1.35, respectively. This means an enhancement of the sensitivity 
can be obtained with the increase of µa. If µa is kept constant and ɛa is changed to have the 
values 1.31, 1.41, 1.51 and 1.61 as shown in Fig. 4, the shift becomes Δ� = 5.467, 5.686, 
5.708 and 5.927, respectively, for the same change in the analyte refractive index. When 
the value of either ɛa or µa is enhanced, the sensitivity can be improved.

We now turn our attention to electric plasma frequency ( �pe ) and electric resonance 
frequency ( �e ) to find out the effect of changing the ratio �pe∕�e on the sensitivity. In 

Fig. 1  �r and �r versus 
frequency for the DNM for 
ɛa = 1.21, µa = 1.2, 
�pe = �pm = 2� × 10 GHz, 
�e = �m = 0 and �pe

�e

=
�pm

�m

= 10
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Fig. 2  Transmittance versus frequency for the ternary photonic crystal consisting of DNM/air/DNM for 
different values of  n2 for N = 16,  d1 = 12  mm,  d2 = 6  mm,  d3 = 12  mm, ɛa = 1.21, µa = 1.2, 
�pe = �pm = 2� × 10 GHz, �e = �m = 0 and �pe
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=
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= 10
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Fig. 3  Transmittance versus frequency for the ternary photonic crystal consisting of DNM/air/DNM for 
different values of  n2 for N = 16,  d1 = 12 mm,  d2 = 6 mm,  d3 = 12 mm, ɛa = 1.21, �pe = �pm = 2� × 10 GHz, 
�e = �m = 0 and �pe

�e

=
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= 10 . The figure is plotted for different values of µa
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Fig.  5, the transmittance versus frequency is shown for two values of �pe∕�e . In the 
upper and lower panels, the ratio �pe∕�e was chosen to have the values 10 and 8, respec-
tively. As can be seen from the figure, for �pe

�e

= 10 , the wavelength shift is Δ� = 5.467 

but for �pe

�e

= 8 , this shift was obtained as Δ� = 5.179. It is clear that as the ratio �pe∕�e 

increases the sensitivity can be enhanced.
We now change the structure to check a photonic crystal with two negative epsilon 

material layers. The transmittance versus frequency for a structure consisting of an air 
layer sandwiched between two ENM layers is illustrated in Fig. 6 for two different val-
ues of  n2 with Δn = 0.01. The parameters were taken as ɛa = 1.21, µa = 1 and 
�pe = �pm = 2� × 10 GHz. The solid line stands for  n2 = 1.00 whereas the dashed line 
stands for  n2 = 1.01. There is a huge frequency shift due to the change in the refractive 
index of the analyte layer. The wavelength shift was found to be Δ� = 129.1 µm. Com-
pared to the structure DNM/air/DNM, the sensitivity of the structure ENM/air/ENM is 
much greater and is estimated as 26 times of the sensitivity of the former structure. In a 
similar manner to Fig. 5, the sensitivity of the structure ENM/air/ENM can be slightly 
enhanced with the increase of the ratio �pe∕�e as can be seen in Fig. 7. The wavelength 
shift was found Δ� = 129.1 µm for �pe

�e

= 10 and Δ� = 128.2 for �pe

�e

= 8.

It is interesting to investigate the effect of the electric and magnetic damping coef-
ficients in one of the two proposed structures. If the metamaterial becomes lossy and 
the damping coefficients are no more zero. This is more realistic than considering loss-
less metamaterials. Figure 8 shows the transmittance profile for �e = �m = 2� × 0.1 GHz 
in the DNM/air/DNM structure. As can be seen from the figure, the transmission peak 
does not reach unity and this can be attributed to loss. The most fascinating feature 
that can be seen in the figure is the sensitivity enhancement compared to Fig. 2. When 
the refractive index of the analyte layer changes from  n2 = 1.00 to  n2 = 1.01, the reso-
nant wavelength shifts by an amount of Δ� = 16. 07 µm as can be seen in Fig. 8. When 
the metamaterial was considered lossless, the shift in the wavelength was found to be 
Δ� = 5.064 µm as shown in Fig. 2. There is an improvement of 217% due to the loss of 
the metamaterial.

Fig. 6  Transmittance versus 
frequency for the ternary 
photonic crystal consisting of 
ENM/air/ENM for different 
values of  n2 for N = 16, 
 d1 = 12 mm,  d2 = 6 mm, 
 d3 = 12 mm, ɛa = 1.21, µa = 1, 
�pe = �pm = 2� × 10 GHz, 
�e = �m = 0 and �pe

�e

=
�pm

�e

= 10
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4  Conclusion

Two ternary photonic crystals were proposed as sensors for detection of small changes 
in the index of an analyte layer. The photonic crystals were assumed to have the struc-
tures DNM/air/DNM and ENM/air/ENM. The transmission spectra from these two struc-
tures were investigated and the shift in these spectra due to the variation in the index of 
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Fig. 7  Transmittance versus frequency for the ternary photonic crystal consisting of ENM/air/ENM for dif-
ferent values of  n2 for N = 16,  d1 = 12 mm,  d2 = 6 mm,  d3 = 12 mm, ɛa = 1.21, µa = 1, �pe = �pm = 2� × 10 
GHz, and �e = �m = 0 . The figure is plotted for two values of �pe∕�e
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refraction of the analyte was determined. It was found that both structures are sensitive to 
any change in the index of an analyte layer. When the index of refraction of an air layer 
changes by ∆n = 0.01, the shift in the wavelength is about Δ� = 5.064 µm in the structure 
DNM/air/DNM. This shift is a good shift that can be defected with recent optoelectronic 
devices. Moreover, the sensitivity of the structure DNM/air/DNM can be enhanced with 
the increase of ɛa, µa, and the ratio �pe∕�e.

The structure ENM/air/ENM exhibited much greater sensitivity. It showed a wavelength 
shift of Δ� = 129.1 µm for a change in the analyte index of 0.01. This means that the struc-
ture ENM/air/ENM is much more sensitive to variations in the index of an analyte layer. It 
is about 26 times of the sensitivity of the DNM/air/DNM structure.

It is worth mentioning an example on how to detect the wavelength shift in this low 
energy region. In a recent paper, the realization of archimedes spiral antenna for a radar 
detector was investigated, where this radar detector can be employed to detect radar signal 
transmission within the frequency range of 2–18 GHz (Wahab et al. 2013). This antenna 
was fabricated to cover multiple bands: S band (2–4 GHz), C band (4–8 GHz), X band 
(8–12  GHz) and Ku band (12–18  GHz). It has a spiral shape with a radius of 2.5  cm 
(Wahab et al. 2013). We believe that this antenna can be used to detect the wavelength shift 
in the proposed sensor.
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A B S T R A C T

A non-circular core fiber with a metamaterial cladding using gold is proposed. The mode confinement properties
of the disclosed fiber are investigated under various metallic (gold) and dielectric (Al2O3) thickness for different
wavelengths and different elliptic ratios of 0.8 μm and 0.9 μm. The parameters like birefringence, confinement
loss and dispersion are numerically analyzed theoretically using finite element method (FEM). The overall
performance of the proposed fiber is studied and the results show that the fiber exhibits a stable relation between
birefringence and confinement loss.

Introduction

Metamaterials are the man-made materials with unusual properties
which are not found in nature and it possess electromagnetic properties
ranging from radio frequency and microwaves up to optical frequencies
[1]. Their properties arise from the structure rather than the materials it
is made up of. Metamaterial refers to the material which has its prop-
erties beyond the natural materials as the Greek word “meta” means
beyond [2] and is also referred as negative index materials (NIM) as
they have the negative real part of permittivity and permeability re-
spectively [3]. These metamaterials are made up of complex materials
like metals, its oxides or plastics even to have unique behavior like
negative refraction, anti-forward propagation [4,5], sub diffraction [6],
cloaking[7] and so on. This metamaterial provides an interesting re-
search area for scholars, by allowing skeletonizing it with chosen ma-
terials and even enabling their properties controllable during process
with suitable procedures. Tunable based metamaterial filter, frequency
selective surface and nonlinear metamaterials are the various types of
metamaterials that can be designed and utilized for various applications
[8].Ideally the mode propagation is uniform in circular core fibers. But
practically it is not uniform and it has slightly different group and phase
velocities. In addition to that perturbations in fiber such as twist, bend
and stress produces a birefringence in the fiber, which changes the
phase and signal strength with time and temperatures. Hence

birefringence analysis becomes important. The applications of meta-
materials include, sensors [9], isolators [10], ring resonators [11], an-
tennas [12], splitters [13] and so on, as it can be integrated with all
other technologies with a great ease. In this paper, we propose an an-
isotropic metamaterial (AMM) cladding with a hollow elliptical core
with different metal-dielectric concentrations for wavelengths ranging
from 300 nm to 900 nm. Recent analysis of circular core metamaterial
fiber [14] with air core guidance [15] to show the electromagnetic
propagation effect throughout the length of waveguide structure and
stopping the light guidance [16] is exhibited. Recently, mahalakshmi
et al., proposes the elliptical air core [17] with silver metal property to
study the birefringence character and the same structure has been fol-
lowed. This paper deals the metamaterial property due to adding gold
with dielectric and analysis the optical properties is numerically ana-
lysis with different metal and dielectric concentrations as well as el-
lipticity ratios (see Fig. 1)

Design methodology
An equal proportion of metal (gold) and dielectric (Al2O3) for an

anisotropic metamaterial layer is taken into account which could be
varied later. Metal and dielectric layers are mounted alternatively and
rolled up forming a cylindrical waveguide which has its core disturbed
to be elliptical (eg: semi major axis as 1.8 µm and semi minor axis to be
2 µm).

The effective permittivity which has vital part in personalizing the
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structured AMM is calculated in tensor form using the formula [18]
below as,
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where, ε[ ]eff is the effective permittivity of the AMM, φ refers the in-
cident angle of light energy.

⊥ ∥ε ε, -Perpendicular and parallel components of ε[ ]eff .
The calculated permittivity tensor value is both real and imaginary

terms. The relation between perpendicular and parallel components of
ε[ ]eff and metal-dielectric concentration has to be found to calculate the
effective permittivity using the above formula. Hence we need to know
the values of both ⊥ε and ∥ε which is given as,

= +
+⊥ε
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C ε C ε

( )eff m d m d
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where, εm and εd being the permittivity of the metal and dielectric and
the expression has been noted and its effective permittivity with func-
tion of wavelength has been calculated and plotted in [17] whereCm,Cd
implies the ratio of concentration of metal and dielectric in the whole
structure that forms the desired AMM fiber. Thus from Eqs. (1)–(3), it is
noticed that any change in Cm and Cd, changes the value of effective
perpendicular and parallel components, whose effect is realized in the
effective permittivity and thus confinement characteristics of provided
wavelength is altered. A variation in effective permittivity for different
wavelengths is the desired anisotropy which is plotted for different
metal and dielectric concentrations with real and imaginary terms
isolated. Hence, it is observed that the field propagation in either core
mode or cladding mode is decided by metal/dielectric combinations
and its medium parameters (parallel and perpendicular components). In
this paper, we investigate the characteristics like effective mode index,
birefringence, confinement loss and dispersion using FEM at two dif-
ferent combinations of metal/dielectric thickness ( = =C C 0.5m d and

= =C C0.25, 0.75m d thus making <C Cm d). Using above equations, the
pulse propagation in proposed fiber is shown below

The mode deviation and the electric field distribution of the pro-
posed fiber are given below,

It is noted that as the two kinds of definite modes is generated as the
proposed structure is in elliptical, which is inferred through the de-
viations in the arrow directions.

Its corresponding mode index of fundamental modes (LP01&LP11)
for both the cases (cm= cd & cm < cd) is calculated and values is
plotted for ellipticity ratio of 0.8 and 0.9 as shown below in Fig. 2. Each
mode is identified by Electric field distribution which is shown by
arrow mark indicated by red line.

Similarly, the variation of effective mode index is studied with
function of wavelength for ellipticity ratio as 0.8 and 0.9. The calcu-
lated mode index is plotted with two diiferent case of metal dielectric
such that in equal proportion and higher proportion of dielectric than
the metal.

Fig. 3 and 3(a) clearly shows that the modal index variation is de-
creased with increasing of wavelength. It implies the pulse propagation
speed is drastically increasing with dropping modal index (see Fig. 4).

Asymmetrical mode propagation with distinct polarization

Fig. 1. Cross-sectional view structure (ε-effective permittivity, ε[ ]-tensor form of
permittivity) with cladding 3 µm, core having the semi major axis b= 2 and
semi minor axis =a 1.8 μm of ellipse.

Fig. 2. Propagation of x and y polarized modes of LP01 and LP11 .for =C Cm d at the wavelength of (i) 300 nm and (ii) 500 nm.
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directions (X and Y) gives rise to even and odd modes which is mainly
due to the disturbed core. In an elliptical core, a difference in index
arises as the light pulse propagates through and this causes inequality in
speed of x and y components resulting in a temporal shifting/time
difference in detector. The shifted pulse is the effect of index difference
between fast and slow axis (x and y) respectively. This index difference
is coined as “birefringence” of a fiber which can be perturbed byfiber
strucutre. The birefringence is expressed mathematically as,

= −B n n| |x y (4)

Where, nx and ny are the refractive indices for orthogonally polarized x
and y modes, X and y- polarized even/odd modes are generated bythis
induced birefringence. The modes are identified by their field direction.
When field direction is uniform, then it is taken as even modes and if
the field direction is not uniform, then it is accounted as odd modes.
The effective mode index for each polarization under different wave-
lengths and metal- dielectric concentration is generated and the bi-
refringence effect is studied. The calculation plotted for each case is
shown below,

Results and discussions

In this proposed design, an ideal meta-fiber with elliptical core
having anisotropic medium parameters ( ⊥ ∥ε ε, ) is simulated using

COMSOL Multiphysics for two different ellipticity ratios. It is observed
that the mode propagation along the hollow elliptical core is influenced
by the changing values of effective permittivity for different wave-
lengths and for two different metal- dielectric concentrations (Cm=Cd

and Cm < Cd). For an incident wavelength, the fundamental LP01
modes and the auxiliary LP11 modes are identified for the proposed
structure.

Since the core is elliptic, birefringence is taken into account and it is
calculated theoretically using Eq. (4) and plotted as a function of wa-
velength for different concentration of metal and dielectric as shown in
Fig. 4.

The variation of mode propagation is in our proposed structure is
distinguished by the filed distribution which could be calculated by Eq.
(4) and plotted which exhibits its linear birefringence. It is noted here
that mode propagation of index difference of LP01 is prolonging than
LP11 for each case of ( = <C C C C& )m d m d . But the mode propagation
of index difference for LP11 is sustained as increasing of dielectric
concentration than metal concentration.

The other most desirable parameters are confinement loss and dis-
persion expressed as follows,

= × × ×α π
λ

Im n8.686 2 10 ( )6
eff (5)

⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

D c
λ

d
dλ
2n

2
eff

(6)

The calculated confinement loss for various metal-dielectric con-
centration ( =C Cm d and <C C )m d and ellipticity ratio is plotted as
shown below. Due to the uniform behavior of loss in both ellipticity
ratio, here we have shown the loss spectra for any case (ER=0.8) at
equal metal-dielectric concentration & metal < dielectric

Fig. 3. Wavelength dependent mode index (a) When =C Cm d for ellipticity
ratio of 0.8 (b) When <C Cm d for ellipticity ratio of 0.8.

Fig. 3(a). Wavelength dependent mode index (a) When =C Cm d for ellipticity
ratio of 0.9 (b) When <C Cm d for ellipticity ratio of 0.9.
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concentration.
From the Fig. 5, it is clear that the behavior of loss spectra exhibits

as linearly increasing and attains it maximum at particular wavelength
then it gradually decreased and continues the same behavior for the

range of wavelength for Figs. 5(a) and 5(b). The loss spectra will
maximum for equal meta-dielectric concentrations whereas it will be
reduced at the case of metal < dielectric concentrations. Similarly, the
calculated value of dispersion for proposed structure is shown below

Fig. 4. Variation of birefringence with different thickness of metal and dielectric layer and different ellipticity of 0.8 & 0.9.

Fig. 5. Variation of confinement loss for =C Cm d with ellipticity ratio of 0.8 b) Variation of confinement losses for <C Cm d with ellipticity ratio of 0.8.
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(see Fig. 6).
The Table 1 shows that the dispersion values get increasing when

thickness of metal and dielectric layer tends to increase. Similarly the
high birefringence values have been shown for equal proportion of
metal and dielectric at the ellipticity ratio of 0.8. Hence, it is analyzed
that the calculated optical properties are highly appreciable perfor-
mance at the ellipticity ratio 0.8

The variation of second order dispersion gives the linear variation of
LP01 and non-linear variation of LP11 at entire wavelength. Such a
variation gives the information about the proposed structure which
gives the lower efficiency in communication system and high stable and
good impact of sensing devices. The maximum loss spectra give its
corresponding resonant wavelength which provides key path for
finding sensitivity. In regards of communication application, the other
metal such as silver makes good responsibility.

Conclusion

We have proposed a novel design of elliptical core anisotropic me-
tamaterial for different metal (Au)–dielectric (Al2O3) concentration and
for different ellipticity. By the presence of anti-symmetric nature in
proposed structure, it experiences a birefringence effect which char-
acteristics have been studied for LP01 and LP11 for the function of wa-
velength and also some other essential parameters like confinement loss

and dispersion is analyzed for different ellipticity (0.8 & 0.9). Finally we
inferred here that addition of gold leads to good application for making
sensor device using metamaterial.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.rinp.2018.05.023.
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A B S T R A C T

A novel design of circular hybrid photonic crystal fiber (CH-PCF) with high nonlinearity and high numerical
aperture (NA) is introduced in this paper. The numerical simulation results are obtained by using finite element
method (FEM) and selecting finer mesh. Some fundamental optical parameters such as nonlinearity, effective
area, scattering loss, power fraction and NA for the two orthogonal polarized modes are rigorously evaluated.
Significant improvement of PCFs in terms of the non-linearity and NA are demonstrated by carefully in-
vestigating of the geometrical parameters of structure. The reported design undoubtedly confirms high non-
linearity of 128873.1183W−1km−1 for x-polarization and 152134.1052W−1 km−1 for y-polarization respec-
tively at the optical wavelength of 0.5 μm. Simultaneously, outmost NA of 0.57 and 0.59 are found at optical
wavelength λ=2.5 μm. So, the obtained outcomes make the proposed PCF a prominent candidate in super
continuum generation as well as all optical signal processing applications.

1. Introduction

Photonic crystal fiber is new types of optical fiber where cylindrical
shape air holes run through the total fiber. Low-loss periodic dielectric
medium based photonic crystal fiber is built by utilizing a periodic
array of tiny air holes which is run along the whole fiber length. For
showing broadened optical properties, PCFs or microstructure holey
fibers are best fitted with some new applications, for example, fiber
sensors and capacity to maintain high polarization, super continuum
generation, broadband dispersion controlling four wave mixing, all
optical signal processing and so on. In PCFs, nonlinearity is one of the
most fundamental possessions for some applications including optical
switching, optical parameter amplification, optical regeneration, super
continuum generation, and optical wavelength conversion [1,2]. Be-
sides microstructures PCFs are also found in some wonderful applica-
tions such as all optical logic gates [3], optical demultiplexer [4], op-
tical switch [5] and many more. PCFs have numerous tunable
properties, for instance; air hole distance diameter, pitch, cladding,
background material, doped core and so on. These adaptabilities give
better control over nonlinearity, confinement loss, NA, effective mode
area. These are achievable in PCF but unachievable in single mode

fibers (SMFs). PCFs are mainly characterized into two concentrations,
one is index guiding (IG) and the others is photonic band gap (PBG)
PCFs. In these PCFs, in the middle of core and cladding high refractive
index contrast is strictly maintained for optical guidance.

To accomplish proficient nonlinear procedures, PCFs are very well
known, for example, all optical wavelength transformation, optical
parametric amplification and super continuum generation [6,7] etc. are
the most attracted incredible interests [8,9].

To accomplish high nonlinearity, researchers have considered the
conduct of PCFs by utilizing nanostructure core with high refractive
index. Pure silica core of a PCF make nonlinear coefficient is very low
just around 100W−1km−1. The scenario of the matter is that the
nonlinear refractive index of silica is soft, nominally
29.6×10−21W−1m2. To enhance high nonlinearity, higher nonlinear
refractive index based materials are embedded inside the core region.
Recently, Liao et al. [10] proposed a PCF of high nonlinearity utilizing
nano scale slot core. The PCF displays a high nonlinearity up to
3.5739×104W−1 km−1 at the optical wavelength λ=1.55 μm.
Huang et al. proposed a slot coiled silicon PCF having a high nonlinear
coefficient up to 1068W−1 km−1 [11]. In both articles, the structure
leads to the fabrication complication due to the use of slot inside the
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core region. Li and Zhao utilized nano wires of gold in center and it
supports polarization dependent coupling and transmission [12]. Liao
et al. [13] recommended a winding PCF of high nonlinearity showing
nonlinear coefficient of 226W−1 km−1 at the communication band. In
the year 2016, Amin et al. [14] proposed a spiral shape photonic crystal
fiber employing GaP strips inside the core for high nonlinear purpose. It
demonstrates a high nonlinearity order of 104W−1 km−1 through the
investigational electromagnetic spectrum. In any case, fiber shows
confinement loss of 103 dB/km and 10−10 dB/km for x and y polar-
ization modes, individually at 1550 nm wavelength. To create strands
having huge nonlinearity with nanoscale slot core, recently article [15]
is published. Slot bismuth PCFs are proposed by K. Saitoh et al. [16]. It
also certified the high nonlinear coefficient of 11W-1 m-1 at the elec-
tromagnetic wavelength λ=1.55 μm. Very recently in 2018, another
nanoscale GaP strips based silicon PCF is introduced in the article [17]
and it achieves ultrahigh nonlinear coefficient of
63435.74W−1 km−1 at the controlling wavelength λ=1.00 μm.

In the presented article, CH-PCF is proposed for high nonlinear
applications. The geometric structure of the proposed PCF is very
simple. Moreover the air cavities of the PCF are perfectly circular. To
best of our knowledge this types of PCF has not been previously pub-
lished for such type of applications. The suggested PCF demonstrated a
high nonlinear coefficient up to 128873.1183W−1 km−1 and
152134.1052W-1 km–1 at the optical wavelength λ=0.5 μm for the
fundamental x-polarization and for y-polarization, respectively. As far
as anyone is concerned, this is the most beneficial outcome contrasted
with recently published articles. In this manner, proposed fiber can be
helpful for super continuum generation, optical parameter amplifica-
tion and all optical signal processing applications.

2. Fiber design and theory

The geometric perspective of the proposed CH-PCF with amplified
sight of slot core is exhibited in Fig. 1(a) cladding region and (b) core
region embedded with silicon nano crystal. The outline is kept as basic
as it could reasonably be expected. The cladding region is engineered
with perfectly circular shape air holes. The first three layers of the
cladding air holes rings are organized in hexagonal manner and rest of
two layer rings are positioned in circular manner. It means. The air gap
distance across in cladding distance, d= 1.40 μm and 1.50 μm with the
pitch estimation of Ʌ=1.60 μm. Air filling portion in the cladding

region is formatted by d/Ʌ. Adapting with the manufacturing possibi-
lity the air filling fractions (AFF) are strictly preserved. In this work, a
reasonable AFF of< 0.93 is regarded. Because high value AFF of any
PCF is a key factor which directly leads fabrication hindrance. The
foundation material is silica which is commercially available. Besides
silica has some extraordinary optical behaviors such as high optical
transitivity, low loss, inert with water or chemicals (i. e. acid, base etc).
The inner region of the proposed PCF is embedded with optical material
of silicon nano crystal. Nonetheless an absorption boundary PML with
depth 10% of cladding diameter has been employed. PML boundary
plays a significant role by diminishing undesirable nonphysical elec-
tromagnetic radiations. The mode field distributions of the proposed
structure are exhibited in Fig. 2 (a) x-polarization and (b) y-polarization
at λ=1.55 μm. It is nicely comprehended the small effective mode area
for both orthogonal polarizations. This small zone of the compelling
mode gives ascent of huge nonlinearity.

3. Numerical methods and results analysis

Numerical investigation is a vital portion for characterization de-
signed model. In this work, the state and art of the PCF has been done
by FEM based commercially accessible software package COMSOL
Multiphysics version 4.2. Moreover it takes less computer memory and
computational time for electromagnetic investigation. Number of de-
grees-of-freedom (DOF) is fixed here and 48,547 are found from the
indicated model. FEM provides the propagation constant spontaneously
having more accurate result by solving the matrix eigenvalue problem
even the structural mensuration is more complex. The base material is
pure silica. The refractive index of silica is dependent on electro-
magnetic wave. There is also established an imperial relationship for
the determination of the refractive index. In the year of 1871, Wilhelm
Sellmeier developed an equation as follows
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Where, Bi and Ci are the sellmeier coefficients of silica and λ is the
controlling wavelength in μm unit.

Optical power flows through the fiber core for propagation mode.
Power flow distribution is not same for core, cladding and material. So
core, cladding and material paper fraction has been investigated for
better realization using the imperial relation. Besides, there are found
two fundamental modes like X-polarization and Y-polarization for
propagation constant β. Very small variation exists in refractive index
for these two orthogonal polarizations. The power fraction (in %) can
be calculated by the following relationship.

∫
∫

′ =Power Frtaction η
S dA
S dA

( ) X z

All z (2)

Where, x is the area of interest (i. e. core, cladding and material) and
all means cross sectional entire area of that PCF. Estimation of the ef-
fective mode area is very much substantive. Effective mode area or
effective area (EMA) is the prerequisite for resolving nonlinearity as
well NA. The nonlinearity and the NA can be calculated by the fol-
lowing equation as follows.
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Where, E(x,y) is the modal field distribution. Now nonlinearity and
NA can be computed by the following mathematical expressions
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Here, n2 represented nonlinear coefficient of equation (4), of the
optical material embedded inside the core region. From the small size
core area with comparative larger size air hole in the outer boundary of

Fig. 1. The end faces cross sectional view of microstructure PCF; (a) cladding
region and (b) core region embedded with silicon nano crystal.
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